Abstract-Radio On Fiber (ROF) is an optical analog technique for transmitting RF signals.
INTRODUCTION
In recent years, there has been a huge increase in the number of fiber-to-the-home (FTTH) customers in Japan, Korea, and certain other countries [1] , and this means that optical fiber is becoming the most commonly used communication infrastructure in access networks. On the other hand, there is widespread use of wireless networks, such as wireless LAN or WiMAX, and wireless system bit rates are reaching 100 Mb/s and more. The Radio On Fiber (ROF) system is a hybrid architecture of fiber optics and wireless systems. With ROF systems, since base stations are only needed to perform optical-electrical conversion, their configurations can be simplified and independent of modulation format and protocol. These advantages mean that ROF is expected to be a useful technique for future flexible and high capacity access networks.
This paper reviews technical trends in ROF access systems, focusing especially on millimeterwave band systems. In the millimeter-wave band, a wide band spectrum can be used for transmission, therefore a Gb/s class bit-rate has been realized. On the other hand, its very high frequency leads to difficulties related to the fiber dispersion [2] . In addition, this paper describes our proposal for a 60 GHz band ROF access system based on an optical heterodyne technique. The features of the proposal are the achievement of an adequate optical link budget and a simple system configuration. As a proof of concept, we demonstrate a 1.0 Gb/s transmission experiment over a 60 GHz ROF link. Figure 1 shows the concept of the ROF system. RF signals are transmitted between a central station (CS) and base stations (BS) based on optical analog transmission. The broad bandwidth and low loss characteristics of the optical fibers mean that wideband RF signals can be transmitted over longer distances than with coaxial cables. In addition, radio functions, such as carrier generation, up-conversion/down-conversion, modulation/demodulation, multiplexing/demultiplexing, are centralized in the CS, and each base station has only to perform optical/electrical conversion. This means that the base station configuration can be significantly simplified and is independent of modulation format and protocol. These features make it possible to reduce system cost and simplify system operation and maintenance. As a result, ROF techniques are being energetically studied around the world as a promising way of achieving future high capacity and flexible access networks. Figure 2 shows recent major topics in ROF research. ROF technical fields can be categorized according to RF frequency as microwave band (less than 10 GHz) and millimeter-wave (MMW) band. There are also different technical fields as regards optical devices and transmission systems, which include elemental techniques and total system design/demonstration. In the microwave band, since we can use mature sub-carrier multiplexing (SCM) techniques without any serious problem of fiber dispersion, which is not negligible with the MMW band as mentioned below, most reports target the system design and demonstration of low cost and flexible access networks related to the keywords shown in Fig. 2 [3] [4] [5] . As regards the MMW band, most reports target the 60 GHz band, where a bandwidth of several GHz is available throughout the world without the need for a license [6] . Since the 60 GHz band is very high frequency, it is essential to research and develop optical devices with sufficient bandwidth and conversion efficiency, and moreover there are also difficulties related to the fiber-optic transmission of RF signals as a result of fiber dispersion. The next section focuses on recent technical trends for MMW band ROF access systems. 
ROF-RELATED TECHNICAL FIELD AND RECENT TRENDS

ROF-related Technical Fields
Recent Technical Trends in MMW Band ROF Access Systems
Elemental Techniques
To realize MMW ROF systems, it is essential to overcome the problem of RF signal power fading induced by the chromatic dispersion effect of the optical fibers [2] . For the downlink, it is necessary to perform MMW signal generation or up-conversion without serious fading, and there are two technical trends; the generation of a two tone optical signal, which has a beat at the MMW frequency, in CS and remote up-conversion in BS. With respect to the two tone generation methods, carrier suppression modulation [7] , injection-locked laser based techniques [8] , and frequency multiplying techniques based on a lithium-niobate (LN) modulator [9] and a nonlinear optical process [10, 11] have been proposed. Moreover, for remote up-conversion, there have been reports on a method that employs an optical modulator [12] and an optical mixing technique that uses the nonlinearity of a semiconductor optical amplifier (SOA) [13] . By contrast, for the uplink, the optical domain frequency conversion of an MMW band subcarrier to an IF band signal, called photonic down-conversion [14] , and nonlinear process based techniques [13] have been described. Furthermore, the feasibility of advanced modulation formats is also being investigated with a view to achieving a higher bit rate. For example, multi Gb/s transmission has been achieved by multi-level quadrature amplitude modulation (QAM)/phase shift keying (PSK) modulation in the optical domain [15] , and 16 Gb/s orthogonal frequency division modulation (OFDM) signal transmission has also been demonstrated [16] .
System Design and Demonstration
There have also been numerous reports on system design and demonstration based on the above elemental techniques, and there are two major technical trends; wavelength-division-multiplexing (WDM) based systems and wired/wireless hybrid systems. With the WDM-based ROF systems, scalable and flexible networks can be realized by assigning optical wavelengths to base stations. A 25 GHz-spaced dense WDM (DWDM) system based on the photonic down-conversion technique [14] has been reported [17] , and a 32 ch × 2.5 Gb/s DWDM system based on the carrier suppression modulation [7] has also been demonstrated [18] . Wired and wireless hybrid systems are also being studied to provide broad bandwidth services to users in various ways, and for example, the simultaneous transmission demonstration of 10 Gb/s baseband data and MMW band RF signals have been reported [19, 20] .
PROPOSED LOOP-BACK OPTICAL HETERODYNE TECHNIQUE
In the uplink, in addition to the fiber dispersion-induced problem mentioned above, there is also the problem of the lack of optical link budget because of the insufficient efficiency of an E/O converter (60 GHz band optical modulator), which limits the fiber transmission length or degrades the transmission quality of the wireless link. To obtain a sufficient optical link budget, ROF systems using optical heterodyne detection, which realize high-sensitive detection, have been proposed [21, 22] . We have also focused on this advantage and proposed the loop-back optical heterodyne technique as shown in Fig. 3 [23] . In conventional approaches to optical heterodyne detection, there are problems of configuration complexity: i.e., each optical receiver needs a wavelength controlled light source (local light), an automatic frequency controller (AFC), which stabilizes the beat frequency between the local light and the uplink optical signal, and components for polarization diversity detection. With our proposal, these functions are consolidated into one transmitting-side module (shared optical carrier generator) and shared by many ROF links, therefore, high-sensitive detection is achieved with a low cost system configuration. The experimentally obtained BER characteristics shown in Fig. 4 show that error free 1.0 Gb/s transmission was achieved with high sensitivity and independent of the polarization state. Furthermore, from the result, we calculated that this technique can easily achieve an optical link budget of more than 10 dB. Here, looking at recent rapid development of high-speed digital signal processor (DSP) [24] , we can expect to achieve a multi Gb/s data rate by employing the high-speed DSP-based demodulator, which is capable of multi-level demodulation (QAM, OFDM, . . . ), with our proposed technique.
CONCLUSION
This paper reviewed technical trends in ROF access systems, focusing especially on millimeterwave band systems. In addition, this paper described our proposal based on an optical heterodyne technique for a 60 GHz band ROF access system, which achieves a sufficient optical link budget with a simple system configuration. As a proof of concept, we reported experimental results for a 1.0 Gb/s transmission over 60 GHz ROF link. Furthermore, we discussed the future prospects for a higher bit-rate based on the proposed technique.
